————rx -

e Y

DTIC FILE copy

Unclassified
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) 4/(7
L
A -
REPORT DOCUMENTATION PAGE ) BEFORE COMPLETING PO
. REPORY NUMBER 2. GOVT ACCESSION NOQ. 3. RECIPIENT'S CATALOG NUMBER
AFGL -TR-83-0097 AL Al270077

5. TYPE OF REPORT & PERIOD COVERED

4. TITLE /and Subtitle)
Reprint

EMPIRICAL MODELING OF THE GEOMAGNETIC
VARIATION IN THE THERMOSPHERE*

6. PERFORMING ORG. REFPORT NUMBER

7. AUTHOR(a) 8. CONTRACT OR GRANT NUMBER(s)

JACK W, SLOWEY F19628-81-K-0033

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UN 'Y NUMBERS

SMITHSONIAN ASTROPHYSICAL OBSERVATORY PE 62101F, T662008
60 GARDEN STREET . W.U. 669007A3
CAMBRIDGE, MA 02138

1t. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

AIR FORCE GEOPHYSICS LABORATORY May, 1982
HANSCOM AFB, MA 01731 13. NUMBER OF PAGES
MONITOR: DOROTHY F. GILLETTE/LKB/3037 11
15. SECURITY CLASS. (of this report)

4. MONITORING AGENCY NAME & ADDRESS(i! ditferent from Controlling Office}
Unclassified

1Sa, DECL ASSIFICATION/ DCWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)
Approved for public release; distribution unlimited,

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES
*rReprint from “Proceedings of a Workshop on Satellite Drag", Space Environment

Services Center, Space Environment Laboratory, Boulder, CO, May, 1982

19, KEY WORDS (Continue on reverse side M necessary and identity by block number)
Empirical model
Geomagnetic variation [ R T
Thermosphere b
Exosphere e ST

20. ABSTRACT (Continue on reverse side I necessary and identify by dblock number) T . .
<. APR 191983 .
. LA

See attached Abstract W

DD ,(5r", 1473  e€oimion oF 1 nov es 13 ORsOLETE Unlcassified
8 3 O 4 1 9 SECURITY CLASEIFICATION OF THIS PAGE (When Data Entered)




=T

SECURITY CLASSIFICATION OF THIS PAGE(When Dats Entered)

A Y

Abstract. This psper briefly summarizes the development of empirical
models of the geomagnetic variation in the thermosphere snd sxosphere. The
earliest models were Dased eoxcinsively on the results of satellite drag
snalysis. Altbhough tbey present a such simplified picture of what is as
extremely complex phenosenon, thess models are still valid in msany
applications and remasin in wide use. They do, however, leave msuch to be
desired with respect to short-term sccuracy and are quite insdequate in many
cases in the way in which they depict local conditions. More recenmt
observational data, particularly those from satellite-borme gas snslyzers,
have resulted in a consideradle improvement in empirical models of the
geomagnetic variation. Ope such model and its limitations are descrided in
sose detail. Some of the prodlems relating to the development of improved
models in the future are also onliud.\

Unclassified

e e O L e
SECURITY CLASSIFICATION OF THIS P AGE(When Dats Entered)




s ..

A A iR ',\

I1.2 EMPIRICAL MODELING OF THE GEQMAGNETIC VARIATION IN THE THERMOSPHERE

Jack Y. Slowey

Center for Astrophysics
Harvard College Observatory
and
Smithsonian Astrophysical Observatory

Cambridge, Msssachusetts 02138
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Abstract. -This paper briefly summarizes the development of empirical
models of the gmvnhtion in the thermosphere and exosphere. The
earliest models were based exclusively on the results of satellite drag
analysis. Although they present a much simplified picture of what is an
extremely complex phenomenon, these models are still valid in many
applications and remain in wide use. They do, however, leave much to be
desired with respect to short-term accuracy and are quite inadequate in many
cases in the way in which they depict local conditions. More recent
observational data, particularly those from satellite-borne gas amalyzers,
have resulted in a considerable improvement in empirical models of the
geomagnetic varistion. One such model and its limitations are described in
some detail. Some of the problems relating to the developme:xt of improved
models in the future are also examined.

1. MODELS BASED ON DRAG ANALYSIS

Heating of the neutral stmosphere im association with magnetic storms was
suggested by many early studies of iomospheric disturbance and the avrorss.
There was, however, no direct evidenmce of such heating until Jacchia (1959,
1961) detected a correlation between magnetic storms and short-lived increases
in the atmospheric drag onm artificial satellites. Following this discovery,
the results of drag snalysis wers used extensively to study the variation of
the atmosphere with geomsgnetic activity and were, for a long time, the only
sigaificant source of informstiom on the subject. These studies led to the
development of simple empirical models of the geomagnetic veristion (Jacchia
and Slowey, 1964a, 1964b; Jacchia et al., 1967; Roemer, 1971) which, by
inclusion in one or another of the early comprehensive models of the
heterosphere (thermosphere and exosphers), are still widely used, particularly
in relation to problems of satellite ordbital analysis snd ephenmeris
prediction. This phase in the development of models of the geomagnstic
varistion is summarized in reviews by Jacchis (1972) snd Roemer (1972)
published with the 1972 COSPAR reference stmosphere (CIRA 1972).

The models derived from satellite drag wussally comsisted of sz sgeatioa
gelating an imcrease ia the exospheric temperature of the atmosphere to the
planetsry goomagaetic index 8p or to its quasi-logarithaic equivalest K,. The
corresponding density at any height was thea to be obtained by eateriag the
sugmented ozxospheric tempsrature ia s static diffusion model of the
atmosphere. The implicit assmmption was that the shape of the temperature
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profiles during geomasgnetic disturbances was unchasged with respect to the
static models. Actually, of ocourse, one would expect the profiles to be
considerably distorted in the vicinity of the lower thermospheric heat sources
that drive the geomagnetic variatiom. 8Still, the models represented the
obsezved density varistions at heights adbove 200 km rather well. Below 200
km, however, it was necessary to introduce an sdded relative increase directly
in the density in order to compensate for the limited senmsitivity of the
static models at lower heights to variations in the exospheric temperature
input (Jacchis, 1972).

The orbital-drag method does not provide high resolution, either
spatially or temporally, and this was a comsiderable disadvantage in the case
of the geomagnetic variation. Time resolution as short as 0.1 day has been
achieved in drag work (Jacchia and Slowey, 1963) but a resolution of 0.20 -
0.25 day during large magnetic storms is more typical of the data from orbit
apalysis. During quieter periods, even the smallest variastions with
geomagnetic activity can be detected (Jscchia and Slowey, 1964b) but the
resolution of these is poorer still. And, since the drag effect canmot be
resolved within a single orbital period, the derived density necessarily
represents an average over s fairly long arc of the orbdbit om either side of
perigee. Thus, the data from orbital-drsg analysis covld only give s smoothed
picture of a phenomenon that turned out to be quite complex in form. This
complexity became obvious with the first high-resolotion measurements of
densities and composition with satellite-~borme accelerometers (DeVries, 1972)
and gas anslyzers (i.e., neutral mass spectrometers) (Taeusch et al., 1971).

Al though most of the models based on orbital drag assumed the geomagnetic
variation to be uniform over the globe, several important details of the
variation did emerge from drag snpalysis, slbeit in rudimentary form. Jacchia
and Slowey (1964a) and Jacchia et al. (1967) reported that, om occasion, the
geomagnetic veriation was substantially enhanced in the suroral zomes. Roemer
(1971) 4id, in fact, modify the model of Jacchia et al. (1967) to include a
latitude dependence. Roemer (1971) was also able to detect a sinusoidal
dependence of the geomagnetic variation on local time, with a maximum in the
relative temperature increase at 3 am larger by a factor of 1.30 with respect
to a 3 pe minimum. Jacchia and Slowey (1964a) also found anm increase in the
time lag between a geomagnetic disturbance and its atmospheric couaterpart in
going from high to low latitudes. This and the observed enhancemont in high
latitudes wore evidonce of the transport of emergy fxom high to lov latitudes
during magnetic storms, s fact later corroborated by observations of winds
(Smith, 1968; Hays and Roble, 1976) and gravity waves (Newton et sl., 1969;
Champion et sl., 1970) in the thermosphers.

2. RECENT NODELS

Data from sstellite-borne gas amslyzers revolutiomized the study of the
upper atmosphere and, in particular, the geomagaetic varistion. Data from
accelerometors have also been important becanse of their greatly improved
resolution as opposed to ordbital-drag smalysis. The gas-anslyzer results,
hovever, provide informatios om composition ia eddition to improved
resolution. Chasges in the meutral composition associated with geomegmetic
disturbance tura ost to be estremely importsat ia saderstanding the physical
processes isvolved in the gecmagaetic varistioa.
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Sphericsl harmonic models, patterned after the original 0G0 6 model of
Hedin ot al. (1974), have been fitted to the data from a number of the gas-
amalyzer experisents. Some of these imclude (geographic) latitude dependent
terms for the geomagnetic variation (wsually as a function of the daily
index) while some, such as the ESRO 4 model of von Zahn et al. (1977), are
specifically fitted onmly to dats corresponding to geomagnetically gquiet
conditions. The most prominent of the spherical harmonic models is the MSIS
model of Hedin et al. (1977a, 1977b) that was fitted to gas—analyzer dsts from
five different satellite experiments as well as neutral temperatures inferred
from incoherent scatter measurements made at a number of ground stationms.
This model was oxtended by Hedin et al. (1979) to include lomgitude/UT
variations. We cannot discuss these models in detail here but, instead, refer
the reader to recent reviews such as that by PrUlss (1980). V¥We shall,
however, describe in some detail the model of the geomagnetic variation that
was derived from ESRO 4 gas—snalyzer data by Jacchia et al. (1976, 1977) and
incorporated in Jacchia's most recent comprehensive model of the heterosphere
(Jacchia, 1977).

The model of Jacchis et sl. represents the geomagnetic variation as s
function of the geomsgnetic latitude, averaged over local time snd other
conditions, and the K, index. Density and composition changes under
geomagnetically disturbed conditions are reproduced by am increase in
exospheric temperature and a proportiomasl increase in the height of the
homopause. The later is a convenient device to account for am effect that
scoms more likely to be due to wind-induced vertical diffusion. Superimposed
on these two effects is an 'equatorial wave’ in which the number densities of
all constituents increase in the same proportion and that propsgates into low
latitudes. The change in the logarithm of the number demsity of the species
i, Aglog n;, is thus assumed to be given by the sum of three separate
components,

AGlog nj = Arlog nj + Aglog mj + Aglog n; 1)
where ATlog nj is the thermal component, Aglog n; is the component due to the
change in the height of the homopsuse and Ajlog nj is the component due to the
equatorial wave. a

The thermal compoment of the varistion Arlog n; is evaluated from an
exospheric temporature increass AGT, given by .,
AGTe = A sin‘d (2)

where @ is the geomagnetic (preferably the inmvariant) latitude and the polar
amplitude A is given by

A= 57.5°K," [1 +0.027 exp (0.4 Kp')] (3)
where l" is the ‘P index at a time t -~ ¢, and t is given by
t=0.1+0.2co0s¢ (day). ' C))

For heights in the lower tionou’loto. the temperature profiles of the static
models aze to bs incremented by sm smouat givea by (Jacchia, 1977)

AgT(3) = AgTe tash le(z-3,)], (s)



vhere ¢ = 0.006 and z, = 90 km. The disturbed temperature profiles defined dy
equation (5) yield species densities thst are in good agreement vwith
observations at heights as low as 150 km. Asalytical expressionms, derived
from the results of numerical integration of the disturbed profiles, are
svailable fiom which Arlog ny, inmcluding the effect of equation (5), can be
computed directly.

The compoment due to the change in the height of the homopsuse is gives
by

Aglog n; = a; Azp , (6)
wvhere Azg (meters) is computed from

Azg = 5.0 x 10* sinh~2(0,010AgT.) n

and the a; are:

alAr) = +3.07 x 10-* (mks) (8)
a{0;) = +1.03 x 10~ (mks)

G(N;) = 0.0

a(0) = -4.85 x 10-* (mks)

a(He) = -6.30 x 10-* (mks).

With the exception of the value for O, these values of a; were determined
pumerically from the static models. The valoe for O was determined by
observation and is about 20% larger than that computed from the models. This
is not surprisiag since oxygen dissociation is still important st the height
of the homopause, so that O is very far from being in diffusion equilibrium.

«20r—" Y v T v ¥ T T A
Ar
i 8 -
stOf Ny 1 *
Aloqn|
Y21 -
©
0
-os} ]
Figure 1. Vaeristioa in the densi-
Me ties of Ar, "go 0, sad Be st 280
. R L kn es s fuaction of geomagaetic
N e a0 eoo — s00o oo hestisg for a 'quiet’ ezospheric

agT (°%) ' temperature of 900 K.

———— e o .




*3 .3 Y (2 -7 Y £33
600
o (4]
000
300
Ql+ J - qm o2 .2 P
00 400
Oilegn 300 %00 1000
sl - LT} 400 -l * ¥
800
200
oy 300 00
| 200
o [] L ] 400 ol
1000
200
! [ L] 00
l 200
am
o 30 0 "0 e 30 0 - > ry -
0° .
. R ° 30 . w [ 30 . @ *©
§ T —r- —- 700 400 - v + —~ . \
coal 00 L { T
oar 800 i EMPERATURE
l‘ 500
alogp : b7
vo2 900 ) 20T
400
300 T
200
08 m °
) o © %0 0 ) [ %0
Figure 2. Latitudinal profiles of Ar, N5, O, and BHe number densities and of

total atmospheric density at various heights for l,' = 5 and a 'quiet’
exospheric tempersture of 900 K. The profile of the exospheric temperature
increase is also shown.

The component due to the equatorial wave is assmmed to depend on the
temperature amplitude of the disturbamce given by equatiom (3) and is
represented by

Aglog nj = Aglog p = 5.2 x 10-4 A cos*® (9)

This component, which is a clear and
is sot, to our kmowledge.

where p is the total density.
significant part of the geomagnetic variatioa,
included in other models.

The nature of the varistions predicted by the model are shown in Figures
1-3. 1a Figure 1, the variastioas of four atmospheric coastituents st a height
of 280 ka are shown as a fuaction of AgTa. The varistioms are those at the
poles snd represent only the sffects of the thermal imcrease and the imcresse
in the height of the homopause. As cans be seen, the offect of the thermal
increase at this height is imsufficient to overcome the effect of the increase
is the height of the homopause om the lighter coastitseats, O asd He, and the
densitieos of these coastitmeants decrease rather thas imcrease ia respomse to
socmagsetic disturdance. Is Figure 2, the variations of the same comstituents
and the totsl deasity are shows for variouws heights, together with the
veristion in exospheric temperature, as & fumaction of the geamagastic latitude
for Kp' = S (A= 545 k). Nere, the deasity variations isclsde the effects of

B et s S s e




all three componments of the mode)l. The variationm in totsl demsity at
different heights does, of course, depead oa the composition at that height.
At moderate heights, where O is the masjor atmospheric comstitueat, the
variation in the total demsity closely follows that of O. At lower heights,
the variation in total density is also effected by the variation in N,. This
is especially true in bigh lstitudes becauss of the large increase is
exospheric tempersture. At greater heights, where He begins to become the
major coastitueant, the variatioan in total demsity is incressingly effected by
the variation in He. Thus, the relative amplitude of the varistioa in total
density sttains a maximum at about 700 km and them begins to decresse. In
Figure 3, profiles of the total exospheric temperature around the meridionmal
circle contaiming 172 gud SR 1ocal time are shown for both equinox and
solstice conditions. It is clear from the figure that evenm moderate
geomagnetic activity can shift the global maximsum in exospheric temperature
from its 'quiet’ position into much higher latitudes.
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Figure 3. Exospheric temperature profiles
bbbk a—i— slong the 178~ 5h 10cel time meridian for
GEDGRAPHIC LATITUOE various levels of geomagnetic sctivity.

3. LIXITATIONS OF THE MODEL

One limitstion of the model that has been desoribed here is that it was
derived primarily from data at the single height of 280 km. While the model
has beon showa to work rather well ia the lower thermosphere, it has mot been
tested at greater heights. This is o matter of some ooncers ia viev of the
large relative amplitudes that the model predicts at grester heights. Theze
is aleo evidence from eomparisoms with satellite drag that, evea ia the
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vicinity of 280 km, the dip im the latitudinal response of the totsl demsity
in mid-latitudes is exaggerated in the model. Jacchia and Slowey (1981) have
mnade & prelimimary revision to the model based on re~examination of the ESRO 4
data in which both the exospheric temperature increass cestered om the poles
and the equatorial wave are somevhat broademed. The main offect of this
rovision is to increase the positive response of atomic oxyges amd, bhence,
that of the total density at lower heights inm mid-latitudes.

The model also does not allow for a variatioa in the shape of the
latitudinal response with the intensity of the disturbance. Such changes have
boen observed in the ESRO 4 data by Prvlss and Fricke (1976) sad by Slowey
(1981) and seem to be related to variations in the positions of the energy
sources heating the stmosphere. The latitudinal position of the polar cusp
region, for example, varies by 15 degrees or more in respomse to ingenmsity
variation of the ring current as indicated by the Dst index (Meng., 1982).

In addition, the time lag between a goomagnetic disturbance and the
associated atmospheric perturbation specified by the model, is, onm saverage,
probably too large. Here we were guided more by the results from orbital-drag
snalysis than the gas-anslyzer data. It is increasingly evident that response
times are extremely short in high latitudes (Tacusach et al., 1971; PrOlss and
Fricke, 1976) and may be as little as 3-4 hours im the equatorial regionm
(Slowey, unpublished), at least with respect to the AE geomsgnetic index.
Much work remains to be dome, bowever, both on the possible varisbility of the
time delay sand tbhe applicability of differenmt sctivity imdices to the
geomagnetic variation.

A related, though considerably more difficult, question is that of the
persistence of the effects of atmospheric perturbation. The heating imvolved
in a geomagnetic disturbance results in a large-scale tramsport of mass and
enorgy (see, for exsmple, Fuller—Rowell and Rees, 1981) and the winds and
waves associsted with the disturbance will persist for a comsiderable period
after the heat input ceases. Porter et al. (1981), have recently developed an
empirical formulation for the effects of £isturbance that incorporates the
prior history of the heat input. This has been applied to the anslysis of two
disturbed periods by Hedin et al. (1981) with good results and scems to be a
step in the right direction. A much simpler approack would, however, seom to
be required for most practical applications. L

4, FUTURE DEVELOPMENT

The most formidable problem remaining in the development of empirical
models of the geomagnetic variation is that of the realistic represemtation of
local time effects, while at the ssme time taking into account whatever
dependence on lomgitude and oa seasos ss may exist, Some ides of the
complexity involved in modeliag the local time effects can de seen in Figure
4, which shows relative isotherms of the exospheric temperature imcreass
plotted as s function of geomsgnetic latitude and local time in the region
poleward of 30 degrees 1stitnde. The exospheric temperatures used to drav the
figure were obtsined by imversiom of the N, densities measured by ESRO 4 st 2
height of 280 ka under the sssumptios tkat N; remajns ia diffusion
oguilidrium. The data used were those for which the correspoading valwe of

' was is the range 3-4 and were selected vwithout regard to heaisphere,
668308 Or amy other ocomsiderstion.




N

Figure 4. Isotherms of the
normalized relative temperature
increase derived from N, densi-
ties for Ky' in the range 3-4.

As can be seen from the figure, the response of the atmosphere to
geomagnetic perturbation is generally much greater in the night and morning
sectors than it is elsewhere., This confirms the trend found by Roemer (1971)
from orbital-drag dats ss well as the findings of Taeusch (1977) and PrOiss
and von Zabn (1978) from gas snslyzer data. The mazimum in the morning sector
is prodadbly the same day-side heating zone previously detected in the ESRO 4
deta by Fricke ot al. (1974) and Raitt et al. (1975) and shown to move towsrds
lower latitudes as the level of disturbance incresses. It is prodably
associated, at least in part, with heating due to particle precipitation in
the vicinity of the polar cusp. The enhancement im high latitudes in the
aight sector, on the other hand, is probably associated with joule dissipation
in the westward electrojet system. The ocomponent of that electrojet that
flows in the aurorsl oval in the evesming sector is not so imtense. The
relatively steop temperature gradieat there sad, especially, at high latitudes
in the afternoon sector may also be due inm part to strong sumvard winds in
those regions. The sid-lstitude enhancement throughout the anight side has
beep shown by Raitt ot al. (1975) to be closely correlated with zones of high-
energy electron flux., Anti-sunwazd winds snd vaves generated ia bhigh
latitudes may aleo be a factor bers and iz the moraing sector as well,
however. The secondary mazimum in wid~latitudes iam the aftermoon sector, for
which there yot seems to bde 30 other explamation, may also be related to the
wind system gemerated by the high latitude heat imput,

Of sourse, the dats of Figere 4 provide oaly & portion of the informatioa
20edsd 0 model the local time eoffects ia deteil. Ve sust obdtaia similar
iafo- .:iom regerdisg the varistions of the other comstitseats, sot oaly at

80 .a but at other heights o well, And, ve must kaow hov these
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distributions vary temporally and with the intensity of disturbamce. It is
als0 clear that the development of a model to fit these dats will require o
rether thorough understanding of the uaderlying physical processes.
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